ABSTRACT Molecular junctions have been characterized to determine the influence of the metal contact formation in the electron transport process through a single molecule. With inelastic electron tunneling spectroscopy and first-principles calculations, the vibration modes of a carbon monoxide molecule have been surveyed as a function of the distance from a copper electrode with unprecedented accuracy. We observe a continuous but nonlinear blue shift of the frustrated rotation mode in tunneling with decreasing distance followed by an abrupt softening upon contact formation. This indicates that the presence of the metal electrode sensibly alters the structural and conductive properties of the junction even without the formation of a strong chemical bond.
C harge transport through metal-molecule systems is a major subject of study in a rapidly growing interdisciplinary research field. It deals with fundamental and applied aspects of science at the nanoscale aiming to control the electron conductance at the molecular level and the uprising of nanotechnology.
1,2 One of the major results of this research is that the properties of an isolated molecule are not the only fundamental parameters determining the conductance in a metal-molecule junction. Indeed, similarly to the adsorption of molecules on surfaces, the atomistic arrangement at the junction and the coupling between the molecule and the metal electrodes can significantly alter the electronic and structural properties of the molecule. [3] [4] [5] In particular, the stronger the metal-molecule interaction is, the less the measured conductance can be ascribed to molecular properties alone.
Accessing the influence of the molecular contact to the metal in the transport properties is, however, experimentally challenging. Despite the continuous progress, the electron conductance measured using either a scanning tunneling microscope (STM) or a break-junction device [6] [7] [8] [9] [10] [11] [12] [13] has so far not elucidated this question clearly. The strength of the metal-molecule coupling, and in particular its variation during the contact formation, can be characterized through the spectroscopic signal of the molecular vibrations as measured by inelastic electron tunneling spectroscopy (IETS). 6, 9, [14] [15] [16] [17] This can be recorded as a function of the tip-molecule distance allowing understanding to which extent the contact formation influences the molecular properties.
A good molecular prototype to study the influence of the metal bond is carbon monoxide (CO). Indeed, this molecule is used as ligand to contact metal atoms in coordination chemistry and its electronic and vibration properties are very sensitive to the local adsorption environment. Shifts of the vibration frequencies are observed by coadsorption with other gases 18 and explained by subtle mechanisms of charge transfer. 19 In the absence of charge transfer, the polarization of the CO molecule by a proton located at distances much larger than typical bond lengths causes significant shifts in the molecular vibration frequencies. 20 Therefore, one could expect the CO molecule on a metal surface to be the ideal candidate to gauge the relation between shifts in the vibration frequency and a progressively varying tip-molecule interaction.
Here, we combine spectroscopic techniques based on scanning tunneling microscopy (STM) with first-principles calculations to achieve a precise characterization of the metal-molecule interaction during the formation of a metal-molecule nanocontact. We use the IETS signal measured at various molecule-metal distances by approaching the tip of an STM to the CO molecule adsorbed on a Cu(111) metal surface. Both the measured data and the calculations show characteristic shifts of the vibration modes. In particular, the excitation energy of the frustrated rotation (FR) mode of a single carbon monoxide molecule adsorbed on Cu(111) changes in a nonlinear way in the tunneling regime and softens abruptly upon the formation of the contact with the tip. The behavior of this transverse mode clearly reflects a transition from an attractive to a repulsive tip-molecule interaction passing from the tunneling to the contact regime. This indicates that the structural relaxation at the junction influences the vibration properties as the tip progressively approaches.
The experiments were performed using a home-built scanning tunneling microscope operated at 6 K in ultrahigh vacuum (UHV) with a base pressure of 1 × 10 -11 mbar. The Cu(111) single crystal was cleaned in UHV by cycles of Ar ion sputtering and annealing. Exposing the copper crystal held at 140 K to 0.5 langmuir of CO leads to the presence of individual molecules (CO monomers) on the surface. The STM tip, chemically etched from a tungsten wire, was treated in vacuo by electron field emission and soft indentation into the copper surface. This assured a spectroscopic featureless tip near the Fermi energy. Given this preparation, the tip was most likely covered by copper atoms from the substrate.
The conductance of the junction achieved by recording the current at various tip-CO molecule distances under open feedback loop conditions is shown in Figure 1a . As the tip-substrate distance is reduced, the current increases smoothly from the tunneling to the point contact regime following a characteristic exponential dependence with tip-substrate distance. The smooth transition, or more specifically the lack of discontinuities in the current, indicates that the atomic arrangement of the junction was stable at all tip displacements. As point contact is reached, the current exhibits a characteristic plateau with only a weak dependence on distance. The conductance value at point contact is of ∼0.1G 0 , where G 0 is the conductance quantum. Furthermore, topographic images acquired before and after the contact formation confirm that the contact region and the tip have not changed during the formation of the contact. This indicates that the process is fully reversible.
The vibration spectra shown in Figure 1b have been measured along this tip-molecule displacement at the positions indicated by numbers in Figure 1a . In the tunneling regime (blue lines), the vibration spectra are characterized by two features at about 5 and 35 meV that are assigned to the two degenerate transverse vibration modes: the frustrated translation (FT(2)) and the frustrated rotation (FR(2)) 16, 21 (see also Figure 2c ). With reduction of the tip-sample distance, an initial shift of about 1.5 meV toward higher energy can be observed in the peak assigned to the FR mode (spectra 1-4). As can be seen in Figure 1c , by a further reduction of the tip distance (spectra 4-7), this trend is reversed. Just before the contact is formed the vibration energy of the FR coincides with the one observed in the initial conditions. As the contact regime is reached (red lines), the FR mode shifts suddenly and sensibly toward lower energies (29 meV), while the FT mode signal loses intensity and broadens. The peak of increasing intensity at about 13 meV (spectra 8 and 9) can be assigned to the Rayleigh mode typical of the Cu surface. 17 To obtain a physical understanding of the experimentally observed frequency shifts, we have modeled the vibration modes and the inelastic transport using density functional theory (DFT) combined with nonequilibrium Green's function methods. 22, 23 In our calculations the STM tip is modeled by a Cu adatom adsorbed on a Cu(111) surface at a face-centered cubic (fcc) hollow site. To simulate the inelastic electron tunneling spectra, we have assumed the adsorption site of CO on a top-site of Cu(111), as experimentally observed (scheme in Figure 2b ). This overcomes some of the limitations of most local and semilocal DFT functionals which incorrectly give the fcchollow adsorption configuration as the most stable. 28, 29 However, this constrains our predictions for the frequency of the low energy FT modes which becomes imaginary as contact is formed and the system starts to be compressed. This, which would imply an instability of the junction, does not correspond to a real experimental situation. Indeed, the STM images show that the contact area is unmodified. Therefore, in our IETS First, we analyze in detail the vibration modes of the molecular nanocontact. In particular, we focus on the modes localized at the CO and Cu adatom, which are shown in panels b and c of Figure 2 . We observe shifts for all these vibration modes along the transition from tunnel to contact, i.e., a clear indication of the existence of an appreciable tip-sample interaction. CM and stretching denote the CO center of mass motion (Cu-CO stretch) and C-O stretch, respectively, while Ad is the Cu adatom vertical vibration. The shaded area in Figure 2b represents the vibration modes of the Cu(111) surfaces under the CO molecule and Cu adatom. It is worth stressing here that not all the vibration modes can be observed experimentally in IETS. Indeed, the CM mode signal has never been reported while the stretching mode is found to induce a lateral motion of the adsorbed CO molecule, similarly to previously reported results. 30 Additionally, as the tip-molecule distance is reduced, the frustrated translation mode hybridizes with modes of the tip apex. This explains the experimental observation of a reduced intensity and broadening of these modes as a function of the tip proximity. However, the nature of the FR mode is preserved at all tip-molecule distances making this vibration mode the most suited to survey the formation of the bond.
At large tip-sample distances, in the tunneling regime, the interaction is attractive and reaches its maximum strength well before the instant of contact formation. This, relatively weak, attractive interaction causes (from point A to B) a downward shift of the longitudinal modes (stretching, CM, and Ad) and an upward shift of the transverse modes (FR and FT). Correspondingly, a moderate structural relaxation can be observed and the increased distance between the two topmost Cu(111) layers amounts to 0.05 Å. This causes a total energy shift of the FR of about 1.5 meV. This trend is reversed at smaller tip-sample distances (from position B to C), in agreement with the experimental observations (Figure 1c) . The larger shift of the longitudinal C-O stretching mode is partially due to the polarization of the molecular orbitals. 20 By a further reduction of the electrode separation, we observe an upward shift of the longitudinal modes, which is more pronounced for the CM mode. From this point on, a significant compression of the junction (see Figure 2a) and a rather abrupt downward shift of the transverse modes are evident, as soon as point contact is reached. The tip induces a compression of the Cu atom beneath the CO: the distance of the tip to the oxygen atom Z ts varies slowly with electrode separation ∆Z and stays approximately at a value of ∼2 Å. However, a Mulliken population analysis and projected densities of states onto atomic orbitals of the atoms forming the junction (Cu, C, and O) at different tip-sample distances reveal that no significant charge transfer or strong covalent Cu-bond formation is present. Therefore, we assign the observed shifts to a modification of the surface potential under the influence of the tip proximity, as the tip-molecule distance is reduced. The interaction between them passes progressively from the attractive to the repulsive regime.
Before making a final comparison between calculated and measured vibration spectra, we consider the conductance spectra shown in Figure 3a . The calculated value of the low bias conductance at the onset of contact formation is ∼0.18G 0 . This is slightly larger than the experimentally measured value reflecting the underestimation of the HOMO-LUMO gap in DFT calculations. The existence of this gap implies that the electron conductance occurs in the nonresonant tunneling regime at all tip-sample distances. The two steps observed in the conductance curves at ∼5 and ∼35 meV correspond to the excitation of the FT and FR modes, respectively. These steps, which show an increase in the conductance at the onset of the inelastic excitations, indicate the absence of backscattering due to electron-vibration coupling and further substantiate that the conductance occurs in the low-transmission regime. 31 The corresponding normalized IETS spectra are shown in Figure 3b . The fact that they can be represented in the same (1/V) scale for all distances indicates small changes in the electronvibration coupling strength. 32 In the tunneling regime, the spectra are dominated by the FT signal at ∼5 meV and the FR signal at ∼35 meV. As the tip approaches contact with the CO molecule the FT signal spreads out while the FR signal shifts to ∼29 meV, in agreement with the changes observed in the measured spectra shown in Figure 1b .
In conclusion, we have shown that by combining highresolution IETS data and first-principles calculations it is possible to monitor the structural and electronic properties of a molecular nanocontact during its formation, i.e., from the tunneling to the contact regime. We find that, even in the case of soft bonding where no significant charge rearrangement across the molecular junction occurs, the changes in the molecular vibrations give evidence of a perturbation of the electronic and structural properties of the junction as the STM tip approaches a single molecule. Indeed, changes of the low energy vibration modes of the metal-molecule are excellent fingerprint of the presence of other metallic electrodes like the apex of the STM tip. The observation of their shift is therefore a powerful tool to monitor the formation of a metallic nanocontact. As the tip of the STM can be more widely understood as the presence of any metallic electrode, we believe that these results have a general validity to the measurements of conductance through molecular junctions. The results reported here might therefore clarify a few of the uncertainties in the electron transport through nanometer scale junctions.
